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ABSTRACT

Introduction: The Blueprint Programmed Death Ligand 1 (PD-L1) Immunohistochemistry (IHC) Assay Comparison
Project is an industrial-academic collaborative partnership to provide information on the analytical and clinical comparability of four PD-L1 IHC assays used in clinical trials.
Methods: A total of 39 NSCLC tumors were stained with four PD-L1 IHC assays (22C3, SP142 , and SP263), as used in the clinical trials. Three experts in interpreting their respective assays independently evaluated the percentages of tumor and immune cells staining positive at any intensity. Clinical diagnostic performance was assessed through comparisons of patient classification above and below a selected expression cutoff and by agreement using various combinations of assays and cutoffs.
Results: Analytical comparison demonstrated that the percentage of PD-L1-stained tumor cells was comparable when the 22C3, 28-8, and SP263 assays were used, whereas the SP142 assay exhibited fewer stained tumor cells overall. The variability of immune cell staining across the four assays appears to be higher than for tumor cell staining. Of the 38 cases, 19 (50.0%) were classified above and five (13%) were classified below the selected cutoffs of all assays. For 14 of the 38 cases (37%), a different PD-L1 classification would be made depending on which assay/scoring system was used.
Conclusions:
The Blueprint PD-L1 IHC Assay Comparison Project revealed that three of the four assays were closely aligned on tumor cell staining whereas the fourth showed consistently fewer tumor cells stained. All of the assays demonstrated immune cell staining, but with greater variability than with tumor cell staining. By comparing assays and cutoffs, the study indicated that despite similar analytical performance of PD-L1 expression for three assays, interchanging assays and cutoffs would lead to "misclassification" of PD-L1 status for some patients. More data are required to inform on the use of alternative staining assays upon which to read different specific therapy-related PD-L1 cutoffs.
Introduction
Immunotherapies with checkpoint inhibitor programmed death ligand 1 (PD-L1)/programmed cell death 1 antibodies have shown encouraging results in patients with advanced NSCLC. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 11 Clinical trials with each of these drugs have shown an association between the magnitude of clinical efficacy and level of tumoral PD-L1-expression as evaluated by PD-L1 immunohistochemistry (IHC). [1] [2] [3] [4] [5] [7] [8] [9] [10] In 2015, the FDA approved two PD-L1 IHC assays along with their corresponding drugs for NSCLC-one using the 22C3 clone as a "companion diagnostic" for pembrolizumab and one using the 28-8 clone as a "complementary diagnostic" associated with nivolumab.
12, 13 Most recently, a complementary diagnostic was approved for atezolizumab. 14 The current one drug-one diagnostic test codevelopment approach for approval of therapeutic products in stratified or selected patient populations has resulted in each of the four therapeutic agents that are either FDAapproved or in late-stage development being associated with a unique anti-PD-L1 IHC assay. Two of the approved NSCLC assays are manufactured by Dako (Carpenteria, CA) and are optimized for use with the detection systems developed for the Dako Link 48 staining platform. 15, 16 The other two assays (one approved and one not yet approved) have been developed with different detection technologies on the Ventana BenchMark platform (see Table 1 ). Each IHC assay was developed with a unique primary antibody (clone) against PD-L1, namely, [Genentech] ). Critically, the clinical scoring approaches for each of the four diagnostic assays used to classify patients for treatment on the basis of tumoral PD-L1 expression utilize a measure of PD-L1 expression on tumor cell (TC) membranes. In addition to TCs, Genentech/Roche also includes a measure of infiltrating PD-L1-positive immune cells (ICs) as part of the scoring guideline the SP142 assay for atezolizumab (see Table 1 ). 9, 10 These scoring approaches were determined on the basis of predictive value and clinical data from individual drug development programs during the therapeutic/diagnostic test codevelopment process, resulting in individual PD-L1 diagnostic systems uniquely tailored for each immune checkpoint inhibitor.
The approval of multiple PD-L1 IHC assays to identify appropriate therapies within a single class poses a unique challenge to patients and care providers with respect to clinical application of PD-L1 testing and treatment decision making. [17] [18] [19] The limited availability of tumor tissue for testing, the number of tissue-based diagnostic tests required in the management of a patient with NSCLC, and the complexity of testing and interpretation with multiple tests for this same PD-L1 analyte drive a need to understand the correlation of results across the PD-L1 tests available. The medical community requires clarity on how to use these different PD-L1 diagnostic IHC assay systems to drive efficiency and safeguard the integrity of treatment decision making, especially when faced with calls for one PD-L1 test for all drugs. This medical community includes patients, pathologists, oncologists, health authorities, and payers.
To enable a better understanding of similarities and differences between these four PD-L1 IHC systems, the Blueprint PD-L1 IHC Assay Comparison Project was founded. 20 This project is a collaboration between the International Association for the Study of Lung Cancer and the American Association for Cancer Research, together with four pharmaceutical companies (BristolMyers Squibb, Merck & Co., Inc., AstraZeneca, and Genentech/Roche) and two diagnostic companies (Dako/ Agilent and Ventana/Roche). A key focus of the study was an assessment of the analytical similarities and differences between the PD-L1 systems to better understand their technical performance.
The Blueprint PD-L1 IHC Assay Comparison Project is planned in two phases. The result of phase 1, presented here, is a feasibility assessment that included a limited number (n ¼ 39) of NSCLC samples stained with all four investigational use-only assays, as used in clinical trials and assessed by trained pathologists from the two diagnostic companies (Ventana/Roche and Dako/Agilent). The goal of phase 1 was to compare the analytical staining factors reported as percentages of stained cells, as well as selected treatment-determining scoring algorithms developed for each assay and used in clinical trials. Testing of clinical trial samples and correlation to clinical outcome were beyond the scope of this study. The results of this study cannot determine whether any of assays are more specific and/or sensitive or better or worse for treatment decision making. The results from phase 1 will be used to design a larger, more comprehensive phase 2 study.
Materials and Methods
NSCLC Sample Cohort
Human formalin-fixed, paraffin-embedded NSCLC samples were obtained independently by Dako and Ventana from third-party vendors. These samples were not associated with any therapeutic trial or immune checkpoint inhibitor therapy. A total of 39 specimens (18 obtained by Dako and 21 by Ventana, the vast majority of which were from surgical resections and a few of which were from biopsies) were selected to represent the respective dynamic range of each of the four PD-L1 assays. The samples demonstrated a range of TC staining, IC staining, and combined TC and IC staining. The samples' distribution did not represent the distribution of PD-L1 expression reported in trials, and the samples were not preselected by histological subtype, stage, sex, or other demographic criteria. No therapeutic outcome data were available. The blocks were sectioned at 4 mm at Dako and Ventana, and at least 10 sections were serially cut from each block for hematoxylin and eosin and IHC staining. The cut slides were exchanged well within the cut slide stability time limit for each assay (4-6 months) for staining by the respective company laboratories (Fig. 1) .
PD-L1 IHC Assays
Dako and Ventana independently stained each of the 39 cases using their respective PD-L1 IHC assay platforms. At Dako, sections were stained with anti-PD-L1 28-8 rabbit monoclonal primary antibody or anti-PD-L1 22C3 mouse monoclonal primary antibody by utilizing the EnVision FLEX visualization system on a Dako Autostainer Link 48 system with negative control reagents and cell line run controls as described in the PD-L1 IHC 22C3 pharmDx and PD-L1 IHC 28-8 pharmDx package inserts. 21, 22 At Ventana, sections were stained with anti-PD-L1 (SP263) rabbit monoclonal primary antibody 23 and a In addition to the PD-L1 IHC staining, hematoxylin and eosin staining was performed for each case to help orientate the pathologists' reading of the IHC slides.
Analytical Performance Comparison
Three pathologists, all of whom were experts in interpreting their respective clinical cutoffs of the assays used in this study, independently evaluated all 156 immunostained slides from the 39 cases, making a total of 468 observations of raw percentages of cells expressing PD-L1 without consideration of any cutoff level. (Pathologist 1 expert in scoring the 22C3 and 28-8 assays, pathologist 2 in the SP142 assay, and pathologist 3 in the SP263 assay). The pathologists did not discuss any of the staining interpretations beforehand, nor did they confer during the scoring process. There was no discrepancy review for discordant results. Consequently, when evaluating analytical staining components reported as percentages, the pathologists were not blinded to the specific assay.
The following analytical components were assessed: TC staining (an estimate of the percentage of TCs exhibiting partial or complete membranous staining) and IC staining (an estimate of the percentage of ICs, including macrophages and lymphocytes within the tumor, exhibiting staining). The assessment of the percentage of IC-infiltrated tumor region was not part of this particular initial analysis (but see later). ICs were identified by morphologic features only, without the use of other IC biomarkers. A semiquantitative scoring system (estimation) was used to calculate the percentage of TCs exhibiting membrane staining (tumor proportion score [TPS]), and the percentage of ICs stained (membrane or cytoplasm) for each slide was assessed. Negative reagent controls were evaluated in each case to confirm acceptable background staining. Staining intensity was not part of the evaluation.
Clinical Diagnostic Performance Comparison
Clinical performance comparison refers to the evaluation of cell staining using a scoring algorithm and prespecified cutoff, as would be used for treatment decision making. No actual patient clinical outcome data are available for these 39 cases. For the clinical diagnostic assessment, one case was assessed by the pathologists as containing insufficient material; this case was eliminated from further analysis, leaving 38 samples for comparison. The 152 slides (38 Â 4) from the 38 samples were randomized and blinded to specific PD-L1 IHC assay, and the three pathologists independently evaluated each stained sample according to the preselected cutoff chosen for each assay. Although several cutoffs relating to levels of PD-L1 expression have been used in clinical trials, for this study the companies submitted a single clinical cutoff for inclusion in this comparative analysis; 1% TC staining for the 28-8 and 22C3 assays, 25% TC staining for the SP 263 assay, and 1% TC staining and/or 1% tumor area infiltrated by PD-L1-positive ICs (TC1/IC1) for the SP142 assay (see Table 1 ).
Each expert pathologist scored all 152 slides by using only the scoring algorithm(s) with which they had greatest expertise (thus, pathologist 1 scored all 152 slides, applying the 22C3 and 28-8 algorithms; pathologist 2 scored using the SP142 algorithm; and pathologist 3 scored according to the SP263 algorithm). All results from these reads were reported as being either above or below the respective selected clinical cutoff.
Data Analysis
Data were analyzed and reported with respect to agreement between (1) the estimated percentage of expression status (Figs. 2 and 3) and (2) the case status with respect to the selected clinical algorithm (i.e., above or below the assay cutoff) for each assay, in the 38-case cohort (Fig. 4) . For the calculation of overall agreement, the score of the pathologist who was an expert on the given assay was used as a reference. For example, pathologist 1 score was used as the reference standard for 22C3-stained slides, pathologist 3 score was used for the SP263-stained slides, and so forth.
Separate analyses were conducted by interchanging various cutoffs on each set of slides stained by the four different assays (Table 2) and then comparing the overall agreement for each combination with the index scores derived according to the assay and cutoff combination selected and specified for the purposes of this study for each drug and assay combination, herein referred to as the validated assay and cutoff combination. Thus, the assessment by pathologist 1 using the 28-8 algorithm on the SP142-, SP263-, and 22C3-stained slides was used to determine what proportion of cases would differ when compared with the cutoff that was developed for the 28-8 assay. Other combinations of assays and cutoffs were also used in this analysis as detailed in Table 2 .
Analyses and Reporting of Analytical Performance
Frequency distribution graphs for the percentage of cells stained for both TCs and ICs were generated for each assay as evaluated by each pathologist (see Fig. 2 ).
Data represent the mean derived from each pathologist's results as well as fitted lines showing the general relationship between assays. Scatter plots were also constructed to show pairwise comparisons for the percentage of cell staining for both TCs and ICs (see Fig. 3 ) for individual pathologists, as well as regression analysis for correlation between assays and pathologists. Analyses were conducted independently by statisticians at Dako and Ventana, and any discrepancies were resolved, resulting in a single final quality-controlled set of results.
Statistical software products used were SAS version 9.4 (SAS Institute Inc., Cary, NC) and Stata/SE version 12.1 (StataCorp, College Station, TX) at Ventana and R version 3.2.0 (R Foundation for Statistical Computing, Vienna, Austria) at Dako.
Analyses and Reporting of Clinical Performance
To assess the agreement of the four PD-L1 IHC assays (scoring using the algorithm selected for each specific staining assay-the validated assay and cutoff combination) on the 38-case cohort, a heat map and a Venn diagram were generated (see Fig. 4 ) to compare the staining results aligned by case for each assay and arranged by increasing level of PD-L1 staining observed. Analyses at the clinical assay level (see Table 2 ) were also carried out by looking at overall agreement when comparing the trial-validated assay and cutoff combination as a reference with the alternative algorithm and cutoff combinations applied to the same assay.
Results
Analytical Performance Comparison
PD-L1 Staining of TCs and ICs. PD-L1 staining was observed in both TCs (Fig. 5A-D and F) and ICs ( Fig. 5A -E and G) by all four of the PD-L1 assays: 22C3, 28-8, SP263, and SP142.
TC staining by 22C3, 28-8, and SP263 showed a range of intensities and partial or full circumferential membrane staining (intensity not included in the comparative analysis, only percentage of stained cells). Overall, these assays showed relative staining equivalency in TCs. In most cases, SP142 showed weaker staining of TC membranes and fewer positive TCs compared with the other three assays (see Fig. 5B-D) . Figures 5A to G depict seven NSCLC samples that represent a range of intensities for PD-L1 with all four assays. Figure 5A represents high TC staining intensity with all four assays, whereas Figure 5E and G shows no TC staining with any of the four assays. Figure 5D depicts weak to moderate intensity of TC staining when the four assays are compared.
Figures 5B and C demonstrate weak tumor staining intensity. SP142 typically displayed more punctate, discontinuous staining, which is a reflection of the amplification components used in the detection system for the SP142 assay.
The distribution of TC staining of any intensity for each assay, pooled across pathologists, is shown in Figure 2 , which shows the mean PD-L1 expression as assessed by the three pathologists plotted as a percentage of TC staining. Three of the assays (28-8, 22C3, and SP-263) had very similar distribution across the cases, whereas one assay (SP-142) consistently showed fewer TCs expressing PD-L1.
The distribution of IC staining of any intensity for each assay pooled across pathologists is also shown in Figure 2 . The variability in staining pattern between cases was more pronounced for ICs than for TCs.
Pairwise Comparisons of PD-L1 Staining of TCs and
ICs. The percentage of PD-L1-positive TCs stained, as evaluated by each pathologist for all possible pairwise comparisons between the four assays, is shown in Figure 3A , in which Path_22C3 and 28-8 indicates the expert pathologist in both assays (pathologist 1), Path_SP142 indicates the expert pathologist in the SP142 assay (pathologist 2), and Path_SP263 indicates the expert pathologist in the SP263 assay (pathologist 3). A 45-degree regression line indicates perfect correlation. The three lines indicate regression lines for each observer. Each plot is a comparison of the assays indicated in the x and y axis labels.
The 22C3, 28-8, and SP263 assays demonstrated a high correlation for numbers of stained TCs, as shown by the nearly 45-degree regression lines indicating linear relationships between assay pairs (Fig. 3A) . Among those three assays, 22C3 versus 28-8 showed minimal interassay variability (least scattered points) and the highest score correlation (most superimposed lines) relative to 22C3 versus SP263 and 28-8 versus SP263. It should be noted that 22C3 and 28-8 were read by the same reader, so the latter two comparisons may add a component of interreader variability compared with the comparison of 22C3 versus 28-8.
All comparisons that include SP142 show lower correlation between assays (<45-degree regression lines) and more variability between assessments (lines not superimposed), indicating lower levels of positive TCs when stained with SP142. Figure 3B depicts assessment of infiltrating IC staining by pathologist for all possible pairwise comparisons between the four assays. The slopes of the regression diagonal lines were less than 45 degrees for most pairwise comparisons, indicating that the assay on the x axis of the graph had fewer IC staining than the assay associated with the y axis. The 22C3 and 28-8 assays, however, demonstrated almost identical results. In all comparisons, the variability of IC staining was greater than the variability of TC staining. There is also greater variation in assay read with respect to ICs, as is evidenced by the fact that there is practically no overlap of the regression lines.
Clinical Diagnostic Performance Comparison
PD-L1 Expression as Defined by the Four Selected and Validated PD-L1 Assays. The PD-L1 classifications (above or below the assay threshold) for 38 of the 39 NSCLC samples were compared to determine concordance between the four assays when classifying cases according to the assay and cutoff combination selected and specified for the purposes of this study for each drug and assay combination, herein referred to as the validated assay and cutoff combination. Each of the expert pathologists' evaluations for their specific assay (e.g., SP263 slides evaluated by the SP263 pathologist, 22C3 slides evaluated by the 22C3 pathologist, etc.) was used in this comparison.
The heat map in Figure 4 illustrates, on a case-bycase basis, those cases with tumors expressing PD-L1 at levels above or below the validated cutoff for each assay. The light gray shows cases that the expert pathologist for each assay assessed as being below the validated PD-L1 cutoff value, whereas the dark gray shows cases that were at or above the validated cutoff value. Both light and dark for a particular case indicates that the case was evaluated differently depending on the 
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Nineteen of the 38 cases (50.0%) were above the cutoffs utilized by all four assays, meaning that clinical PD-L1 positivity would be concordant regardless of the assay used. Fourteen cases (37%) showed discordance between clinical levels of PD-L1 expression. Five of 38 (13%) samples were determined to be below the cutoff regardless of the assay used. These data indicate that in these 38 cases, use of an alternative validated assay and the assay-associated scoring algorithm to evaluate PD-L1 expression would give different results in terms of classifying a case above or below a treatmentdetermining threshold for a chosen therapy in slightly more than a third of cases.
Clinical Performance When Assays and Cutoffs Are Interchanged. Table 2 shows how the overall percentage of agreement changes for the 38 cases when, for each particular staining assay, each of the four cutoffs (scoring algorithms) for each individual assay is applied. In each comparison, the cutoff is held constant and the assay is interchanged. The reference standard for each comparison is the validated cutoff and assay combination. For instance, the application of the SP142 TC1/IC1 scoring algorithm to the SP142 stained slide results in a 100% rate of agreement by definition; however, applying the SP263 algorithm (which is positive at !25% TPS) to SP142 slides results in a 65.8% rate of agreement.
In all situations, replacement of the validated cutoff for each assay with any other cutoff reduces the overall agreement compared with the reference standard.
Discussion
The data generated in this feasibility study provide early insights into relative analytic comparisons of the four trial-validated PD-L1 IHC assays in NSCLC. Since the study began, three of the PD-L1 assays have been approved by the FDA for use in NSCLC, and one is expected to gain approval for this indication in the near future. This unique collaboration was established to include both the relevant pharmaceutical stakeholders as well as the diagnostic companies and the independent academic organizations International Association for the Study of Lung Cancer and American Association for Cancer Research. This is the first and only study that has compared these four investigational use PDL-1 IHC assays from clinical trials pursued by the different pharmaceutical companies as companion diagnostics or complementary diagnostics.
Three key elements apply to this comparative study: the use of consecutive sections from the same tissue samples for testing by all four PD-L1 IHC assays, the application of each assay as prescribed by its use in clinical trials (instrument platform, staining protocol, and scoring guidelines), and the reading of the individual assays by experts on those assays (a definitive standard assessment). There were essentially four comparisons made of the data generated by the pathologists: (1) comparison on a case-by-case basis of the percentage of tumor and ICs stained by each assay, as assessed by each pathologist across the range of possible scores (0%-100%) (Fig. 2) ; (2) a pairwise comparison of the different assays, as assessed by each pathologist (Fig. 3) ; (3) a comparison of clinical diagnostic performance in which each assay was read by following the algorithm (preselected cutoff) defined in trials for that specific assay ( Fig. 4A and B) ; and (4) a comparison of clinical assay performance in which each assay was read according to alternative scoring algorithms (alternative definitions of cutoff) selected for the other three assays in the study (see Table 2 ).
This current work is a feasibility study, and the numbers of NSCLC samples and pathologists are small. Nonetheless, these data will begin to inform questions already being discussed in the wider community. How interchangeable might these assays be? Can an alternative assay be used, and if so, should it be read according to the rules for the assay used or for the drug to be prescribed? It should also be emphasized that the Blueprint Project is purely a study comparing assays' technical performance; there are no data available on the clinical predictive power of alternative PD-L1 IHC testing strategies.
Although a strength of the current study is that "experts" in staining and interpretation were used in the assay comparisons, the authors acknowledge that this feasibility study does not reflect the real-world situation, as the slides were read by experts in a particular assay and the generality of the results to non-company experts is unknown. Furthermore, the vast majority of specimens were surgically resected specimens and not biopsy specimens (the most frequent type of diagnostic specimens from advanced NSCLC). A comparison of surgically resected specimens (large specimens) and smaller biopsy specimens is planned in phase 2 of the Blueprint Project. A recent published study by Ilie et al. reported an eventual difference in PD-L1 expression when biopsy specimens and surgically resected specimens are compared. 24 The results of this feasibility study indicate that there are both similarities and differences with respect to the four PD-L1 systems in terms of dynamic ranges, cell types stained, and overall staining characteristics. Overall, three of the assays (28-8, 22C3, and SP263) were similar in analytical staining performance assessed by percentage of tumor cells showing cell membrane staining. The SP142 assay generally stained fewer TCs across the 39 cases, which was also reported recently in a German comparison study by Scheel et al. 25 However, this assessment cannot differentiate between greater sensitivity for 28-8, 22C3, and SP263; greater specificity for SP142; or both. For IC staining, all four assays detected ICs but to a different extent, which was probably confounded by pathologist variability in the overall scores for ICs across the assays. Variability in IC scoring is likely due to the fact that the pathologists did not previously train or align on criteria for scoring the IC components, whereas scoring of TC membrane staining is more routinely performed for IHC, is more standardized, and represents a skill more transferable from experience of alternative assays. IC staining can be approached in different ways and is not a routine clinical practice. Also, little is known about possible differential staining by these assays of different IC types. The suggestion of greater variance in the IC scoring suggests that this unfamiliar practice will pose some challenges when first attempted, although training and practice in IHC reading skills are known to improve reproducibility. 26 The tendency for expert pathologists, using their specific algorithms, to score differently from the untrained pathologists emphasizes that training on the scoring algorithms for these assays will be critical for reproducibility among pathologists. This is especially true, as supported by our limited data, for the assessment of ICs. Related to assessment of ICs, it should be emphasized that for the clinical diagnostic algorithm for SP 142 used in clinical trials (TC and/or IC assessment) and in our clinical diagnostic comparisons (and described in the manual), IC expression is based on the percentage of tumor area occupied by IC staining and not as used in our analytical comparison (percentage of ICs). It should also be noted that this study cannot adequately address the issue of reproducibility, given that it involved only a limited number of experts who read the slides. This, however, gives a strong baseline for comparing assay performance that will not be confounded by a lack of pathologist training and experience.
When pathologists applied the selected algorithm and/or cutoff appropriate for each assay to determine the PD-L1 expression status of each case (the matched algorithm analyses shown in the heat map in Fig. 4 ), 50% of cases were above the respective prespecified threshold for each assay. A further 13.1% were unanimously below all of the selected cutoffs whereas slightly more than one-third of cases (36.9%) varied in classification above or below the assay-associated cutoff. Given the underlying similarity in actual staining similarities as assessed by raw percentage of positive staining TCs and ICs, as demonstrated in Figure 2 , the differences observed in this analysis are likely due to the variation in definition of cutoff. Such are the differences in selected cutoffs between validated clinical assays, and it was inevitable that there would be differences in clinical status classification with use of this approach. There are fewer cases above the cutoff for the SP263 assay because the cutoff is higher, at 25% of TCs stained, as compared with 1% for the 28-8 and 22C3 assays. Although the SP142 assay stained fewer TCs and therefore fewer cases were above the threshold on TC score, this was compensated for by six cases rising above the threshold on account of the additional assessment of IC staining.
Although this is an interesting comparison of the assays available, it is very unlikely that in clinical practice, pathologists would chose to assess PD-L1 expression in this way. The ultimate goal is to use the PD-L1 IHC status to inform clinicians and patients of the likelihood of a patient's response to and outcome with a particular programmed cell death 1 or PD-L1 inhibitor. The debate about use of a PD-L1 IHC assay must be informed by relevant clinical trial data for the drug being considered; consequently, the threshold relevant to the drug is the key parameter, not the threshold relevant to the assay. To assign patients above a threshold for treatment, pathologists should not use an alternative cutoff or definition different from that used to define treatment responses in clinical trials for a particular drug.
The comparison of assay performance in terms of assigning a case above or below a cutoff relevant to the proposed drug is therefore more interesting. These comparisons are presented in Table 2 . It is important to note that the comparisons here are based on the scores of the expert pathologist trained in each scoring method. Thus, the scores are the best case scenario not confounded by pathologist variation and therefore better reflect variances in the assay itself. The data in Table 2 show that for the 22C3 and SP263 assays, the PD-L1-based classification of cases against all three alternate thresholds agrees in more than 85% of cases when compared with the classification according to the reference assay algorithm. The agreement with the reference assay results is similar (>85%) for the 28-8 assay when classified by either 1% or 25% TPS; however, when the 28-8 assay was assessed according to the SP142 TC1/ IC1 algorithm, slightly fewer cases (81.6%) were concordantly classified against the reference SP142 assay. These assays are not identical; it is unrealistic in this scenario to expect 100% concordance, and indeed, a performance of greater than 85% concordance may be clinically acceptable. 27, 28 It is not unexpected that if classification of TC scores according to the 1% and 25% thresholds, as defined respectively by 28-8 or 22C3 and SP263, is attempted by using the SP142 assay, fewer cases (approximately 64%) match the index assay's PD-L1 classification. This reflects the lower levels of TC staining seen when the SP142 assay is used. The authors acknowledge that the current study does not include an examination of intra-assay variability in the tumor categorization of "above or below" thresholds. Thus, the greater than 85% reproducibility with comparison of three of the four assays might be affected by an intraassay variation.
It is tempting to view the data shown for the relative similarities between three of the four assays as signaling interchangeability of these assays for clinical use. This study cannot lead to such a conclusion. This feasibility study has examined the technical performance of the PD-L1 IHC assays in a small group of cases that were read by experts in the field at a single test site. Much more data need to be generated, repeating some if not all, of the comparative analyses shown in this article by using real-world small biopsy samples read by a larger number of pathologists, notwithstanding the need for those pathologists to have some training in reading the respective assays. It would be premature to deny that such interchange of assays will remain forever impossible, but currently there are insufficient data to make such a recommendation. It is worth noting that in this small cohort, approximately 15% of patients would not have been assigned to a treatment, at least in the context of a companion diagnostic assay, had the alternative similar assay been used. How far short of the technical performance of the trial-validated, definitive standard, drug-associated assay can an alternative testing approach fall but still be accepted in clinical use? It also needs to be remembered that there are no data on the ability of an alternative assay to deliver predictions of treatment response and clinical outcome validated in respective trials.
It is important to note that each PD-L1 IHC assay used in this study was developed in the context of a specific clinical program as a complete system solution including a primary antibody clone, detection reagents, a staining platform, and a software protocol. 21, 29, 30 Scoring and interpretation guidelines were developed to identify responding populations for unique drugs and biologic hypotheses. By virtue of their use in clinical trials, these assays have each been validated by a correlation with patient outcome after being analytically validated as required by the FDA through the premarket application approval process. The stringency of this type of development program is worth bearing in mind. Because these primary antibody clones (as well as others not described here) are available on the market as standalone reagents, it is highly likely that laboratorydeveloped tests (LDTs) will be used as substitutes for the validated assays included in this study. In the absence of rigorous analytical and clinical validation, these LDTs should not be considered equivalent to the companion or complementary diagnostic assays described here for their ability to direct treatment decisions, even if they have been developed using the same antibody clone. LDTs are not developed in concert with a therapeutic development program, and therefore, the cutoff values associated with them are not calibrated to clinical outcomes with use of specific drugs. Also, the staining platforms for the specific assays are defined and specific with the Dako antibodies used with the Dako Link 48 platform and the Ventana antibodies used with the Ventana Benchmark platform. Most recently, a study published by Neuman et al. showed that the 22C3 assay can be successfully used on the Ventana Benchmark platform when appropriate protocol adaption is applied. 31 In this era of evidence-based medical practice, the exciting development of immunotherapy for lung cancer has been tempered by a complex and hitherto unfamiliar biomarker testing scenario. The only PD-L1 IHC testing approach for which the likely outcome for patients is known is for the test that was performed and validated in the respective clinical trials for each drug (scenario A, Table 3 ). Any deviation from that practice brings with it unknown consequences for the patient. The case for never deviating from the treatment groupdefining cutoff for each drug has been made (data presented in the heat map [ Fig. 4 ] and scenario C, Table 3 ). It may become acceptable to read some of the assays in a way that would allow alternative cutoffs to be applied to the PD-L1 IHC staining assessment (see Table 2 , and scenario B, Table 3 ), but there are currently no data to validate this practice. At least with this latter approach, the technical outcome of the staining test should be ensured by using a standardized set of reagents and staining platform. Far more uncertain in terms of technical and clinical performance will be the outcomes from the use of nonstandard LDTs (scenario D, Table 3 ), as has been demonstrated for other IHC biomarkers. 32, 33 Although the current feasibility study has demonstrated similarities and differences between different PD-L1 IHC assays, it has not addressed specificity and sensitivity of the assays nor clinical outcome comparisons resulting from the classification of a patient's tumor PD-L1 status. The study also did not address how differences in specimen type or preanalytical factors across laboratories (such as fixatives and tissue processing methods) may affect the performance of the assays. 34 An ongoing phase 2 of this study includes a much larger set of tumors with comparisons of large specimens versus small biopsy specimens, and even cytologic cell blocks and, potentially, reproducibility of the assay scoring algorithms between pathologists. It is important to emphasize, however, that clinically meaningful comparisons of the PD-L1 assay systems may require therapeutic outcome data, which is a goal that may only be obtainable in the postmarket setting.
In conclusion, the Blueprint Project has revealed that three PD-L1 IHC assays are aligned with regard to PD-L1 expression on TCs, whereas one assay consistently had fewer TCs expressing PD-L1. All the assays demonstrated PD-L1 expression on ICs, but with greater variance than expression on TCs. Substituting cutoffs for the validated cutoff for PD-L1 expression on TCs resulted in changes in the PD-L1 classification for many cases, and a subsequent decrease in overall agreement compared with the validated reference. It is important to note that this is a feasibility study on a small number of cases using expert observers on single assays, and that no results of inferential statistical analyses were obtained owing to the nature of the study's design. A further limitation of this study is that the sample was chosen to represent the range of levels of PD-L1 expression, rather than a representative cohort.
Larger studies using more cases and more pathologists are warranted. On the basis of these limited data, the authors conclude that (1) the thresholds used to select a specific treatment should never be interchanged and (2) more data are required to inform on the validity of using alternative staining assays on which to read different, specific therapy-related PD-L1 cut points.
